1.. Introduction {#s1}
================

The vertebrate stress response is highly conserved across taxa and functions to prioritize immediate survival over non-essential activities in the face of acute threats \[[@RSOS171208C1],[@RSOS171208C2]\]. This change in priorities is mediated via the release of glucocorticoid hormones that temporarily suppress behaviour not critical to immediate survival, including foraging, self-maintenance, courtship, mating and parental care, while simultaneously promoting behaviour that aids avoiding, combating or escaping threats \[[@RSOS171208C3]\]. Given the importance of the stress response in orchestrating adaptive behaviour, it is interesting that there exists substantial between-individual variation in adult stress responsiveness \[[@RSOS171208C4]\]. Understanding the causes and consequences of this variation has been the goal of much recent research in both behavioural ecology and biomedicine \[[@RSOS171208C5]--[@RSOS171208C7]\]. One established source of variation in stress responsiveness is age: the acute stress response shows a decline with age in a range of species \[[@RSOS171208C4],[@RSOS171208C8]--[@RSOS171208C13]\]. For example, a recent longitudinal study of hypothalamic--pituitary--adrenal (HPA) axis activity in house sparrows (*Passer domesticus*) showed that although baseline levels of the main avian glucocorticoid hormone, corticosterone (CORT), did not change with age, the level of CORT measured 30 min after exposure to a standardized acute stressor declined with age suggesting plasticity in the stress response \[[@RSOS171208C4]\]. However, despite the significant effect of age in this study, there remained substantial unexplained variation. One possible explanation for this variation is that it is future life expectancy rather than chronological age that determines behavioural priorities \[[@RSOS171208C14]\]. Although chronological age and future life expectancy are likely to be correlated, there can be considerable variation in the pace of ageing of individuals of the same chronological age resulting in different life expectancies \[[@RSOS171208C15]--[@RSOS171208C17]\]. The concept of biological age has been proposed to capture this variation in life expectancy \[[@RSOS171208C17]\], and we, therefore, propose that biological age could explain individual differences in the stress responsiveness of adult animals of the same chronological age.

The biological age of an individual can be objectively assessed by measuring biomarkers that typically decline with chronological age but that have been demonstrated to provide a better prediction of life expectancy than chronological age \[[@RSOS171208C17]\]. Telomere length (TL) has emerged as a candidate cellular biomarker of biological age in both humans and birds: as required, telomeres shorten with chronological age \[[@RSOS171208C16],[@RSOS171208C18]\], and TL predicts longevity \[[@RSOS171208C16],[@RSOS171208C19]\]. Exposure to adversity is believed to be central to biological ageing, with high levels of adversity in early life being particularly damaging \[[@RSOS171208C20]\]. In line with this expectation, telomeres are shortened by adversity in a range of species \[[@RSOS171208C21]\]. Specifically, there is mounting evidence from birds that developmental telomere attrition can be experimentally accelerated by early-life adversity \[[@RSOS171208C15],[@RSOS171208C22],[@RSOS171208C23]\], and that developmental telomere attrition is a stronger predictor of adult phenotypic outcomes, including survival, than a single cross-sectional measurement of adult TL \[[@RSOS171208C15],[@RSOS171208C24],[@RSOS171208C25]\].

In the current paper we study the relationships between developmental telomere attrition as a biomarker of biological age, and adult HPA axis function, in a relatively long-lived, iteroparous, passerine bird, the European starling (*Sturnus vulgaris*). In recent studies \[[@RSOS171208C22],[@RSOS171208C23]\], we created two cohorts of starlings in which biological age was experimentally altered by manipulating early-life adversity. In the 2012 cohort of birds \[[@RSOS171208C22]\], quartets of siblings were cross-fostered either to broods of two chicks (low competition, LC), or broods of seven chicks (high competition, HC) between day 3 and day 15 post-hatching. In the 2013 cohort of birds \[[@RSOS171208C23]\], quartets of siblings were cross-fostered either to broods where they were approximately 5 g larger than their brood competitors (advantaged, ADV) or where they were approximately 5 g smaller (disadvantaged, DIS), between days 2 and 12. In both cases, the birds were brought into captivity at the end of the experimental manipulation and kept in uniform conditions until adulthood. In both cohorts, developmental telomere attrition measured in erythrocytes was accelerated in the higher competition group (HC and DIS \[[@RSOS171208C22],[@RSOS171208C23]\]), although in the 2012 cohort this effect was restricted to the subset of HC birds that were smaller than their brood competitors. These cohorts provide a powerful method for examining developmental and familial origins of individual differences in adult stress responsiveness. First, the lives of the birds in the different experimental groups differed only during the brief, 10--12 day, period of the manipulation. Second, the use of cross-fostered siblings allows statistical estimation of the variance in adult stress responsiveness due to genetic and other parental effects, and that due to the subsequent manipulation of developmental experience and resulting biological ageing.

Here we report measurements of baseline plasma CORT, and the dynamics of the CORT response to an acute capture-handling-restraint stressor in the adult birds at approximately one year of age. We predicted that birds whose developmental telomere attrition, and hence biological ageing, had been accelerated by exposure to early-life adversity would respond to stress as adults as if they were older than their chronological age. Specifically, we predicted that birds with greater developmental telomere attrition would display an attenuated stress response, characterized by lower peak CORT levels and/or faster return to baseline CORT levels following exposure to a stressor. We did not predict effects of developmental telomere attrition on baseline CORT because previous studies of age and developmental adversity in birds do not typically report effects on baseline CORT \[[@RSOS171208C4],[@RSOS171208C26],[@RSOS171208C27]\]. We additionally predicted that if increased biological age causes a decline in adult stress responsiveness, then developmental telomere attrition, a biomarker of biological age, should be a stronger predictor of the size of the adult stress response than the developmental manipulation to which birds were exposed as chicks. This prediction emerges because developmental telomere attrition is hypothesized to be an integrative measure of the impact on the individual of all sources of developmental adversity. By contrast, the experimental treatment represents only one source of developmental adversity, and one by which different individuals might be affected to different extents depending on their stress resilience. Therefore, developmental telomere attrition should provide a superior proxy for early-life experience, and hence accelerated biological ageing, for use in explaining variation in adult stress responsiveness ([figure 1](#RSOS171208F1){ref-type="fig"}). Finally, based on previous results from birds showing that developmental telomere attrition is a better predictor of life expectancy than telomere length \[[@RSOS171208C15]\], we predicted that developmental telomere attrition would also be a better predictor than adult telomere length of the size of the adult stress response. Figure 1.Hypothesized causal relationships and resulting predicted associations.

2.. Material and methods {#s2}
========================

2.1.. Study animals and husbandry {#s2a}
---------------------------------

Subjects were the two cohorts of European starlings whose history is described in detail in previous publications \[[@RSOS171208C22],[@RSOS171208C23]\]. The 2012 cohort was aged 208--432 days at the time of stress response measurement, while the 2013 cohort was aged 428--456 days. In the period following fledging, birds lived in indoor aviaries with ad libitum food, except for periods in individual cages to complete behavioural experiments \[[@RSOS171208C24],[@RSOS171208C25],[@RSOS171208C28]--[@RSOS171208C31]\]. Time in cages was similar for all individuals. In both aviaries and cages 15 L : 9 D cycle was maintained from fledging onwards and resulted in the birds being photorefractory and in non-reproductive condition.

2.2.. Telomere length and developmental telomere attrition {#s2b}
----------------------------------------------------------

Two measures of TL were taken from each bird in order to derive a measure of developmental telomere attrition. The TLs used were from days 4 and 55 post-hatch for the 2012 cohort and days 3 and 12 for the 2013 cohort, for consistency with previous publications \[[@RSOS171208C24],[@RSOS171208C25],[@RSOS171208C31]\]. TL was measured by real-time quantitative PCR amplification of DNA extracted from erythrocytes \[[@RSOS171208C22],[@RSOS171208C23]\]. The two TLs were used to obtain ΔTL, a standardized measure of developmental telomere attrition that corrects for the expected regression to the mean in repeated imperfectly correlated measurements \[[@RSOS171208C32]\]. A ΔTL value of zero represents the mean amount of developmental telomere attrition for that cohort, a negative number indicates greater than average attrition, while a positive number represents less than average attrition.

In addition to the developmental telomere attrition measurements, we also had measures of relative TL using the same methodology for the birds as adults of approximately one year old (TLy1; 2012 cohort, 427 days, as reported in Bateson *et al*. \[[@RSOS171208C31]\]; 2013 cohort, 389--406 days, previously unpublished data). We used the adult TLs to calculate telomere attrition between the earliest measurement and the one-year measurement, henceforth referred to as lifetime telomere attrition (lifeΔTL). Realized sample sizes for the telomere measurements were 23 birds and 33 birds for the 2012 and 2013 cohorts, respectively.

2.3.. Blood sampling for corticosterone and assay {#s2c}
-------------------------------------------------

For CORT measurement, groups of up to eight birds (two natal families) were housed in individual cages with ad libitum food. For the 2012 birds, sampling was at the end of a behavioural experiment \[[@RSOS171208C24]\] meaning that birds had been in cages for a minimum of 28 days at the time of sampling. The 2013 birds were put into cages especially for this experiment and allowed to settle for a minimum of three nights prior to sampling. Body weight was measured around the time of blood sampling.

We used a standardized capture-handling-restraint protocol known to induce an acute stress response in starlings \[[@RSOS171208C33]\]. Between 14.00 and 15.30 on a given day we simultaneously sampled a randomly selected pair of siblings. The birds were not disturbed for two hours prior to sampling. The stressor began when the room lights were extinguished and two experimenters entered the room. Each experimenter caught one member of the pair, transferring the bird to an adjacent lit room. A baseline blood sample was taken within 3 min of the lights going off (mean time to baseline sample ± s.d., 86.1 ± 21.5 s (2012); 88.8 ± 20.4 s (2013)). Birds were then held in a cloth bag and further blood samples were taken at 15 and 30 min after the onset of the stressor. Blood sampling (approx. 120 µl per sample) was by puncture of the alar or metatarsal vein and collection using heparinized microcapillary tubes. Birds were returned to cages after the 30 min sample.

Blood samples were centrifuged to separate plasma, which was stored at −80°C until analysis. CORT was quantified in extracted plasma using a radioimmunoassay (RIA) that has been previously validated in starlings \[[@RSOS171208C34]\]. All blood samples were measured after extraction of 10--30 µl aliquots of plasma in 1 ml of ethyl diether by an RIA method \[[@RSOS171208C35]\] with \[1,2,6,7-3H\]-CORT. In 2012 the anti-CORT serum used was B3-163 (Esoterix, USA) and in 2013 we used anti-CORT serum ABIN880 (Antibodies Online). The cross reactivity data for B3-163 were: deoxycorticosterone 4%, cortisol less than 1%, aldosterone less than 1% and progesterone less than 1%; for ABIN880 the corresponding reactivities were: 1.5%, less than 0.1%, 0.2% and less than 0.1%. Comparison of these two anti-sera was undertaken, providing data that showed comparable CORT concentrations in a range of quality control samples (inter-antibody CVs at 25%, 50% and 75% binding were 3.4%, 5.2% and 3.6%, respectively). CORT levels were above the detection limit (2012: 0.24 ng ml^−1^; 2013: 0.04 ng ml^−1^) for all except seven samples at baseline; for these we inserted the detection limit of the assay as a conservative estimate of CORT levels. For all samples, extraction efficiency was individually estimated between 65% and 100% (mean 95.8%), with final CORT values being corrected accordingly for each sample. In 2012 samples were run in duplicate in a single assay (intra-assay coefficient of variation 19%), in 2013 we ran duplicates in three assays and intra-assay coefficients of variation were 7%, 5% and 7%. Inter-assay coefficient of variation across all four assays was 9% (calculated using standard curve data). CORT concentration at 50% binding averaged 1.15 ng ml^−1^. The data from two birds in the 2012 cohort were excluded due to concerns that the CORT assay was unreliable.

We derived three CORT variables previously used \[[@RSOS171208C26],[@RSOS171208C27]\] to capture the dynamics of the birds\' response to the stressor: (a) baseline CORT concentration (first sample); (b) peak CORT (higher of 15 and 30 min samples); (c) ΔCORT, the change in CORT between 15 and 30 min (calculated as CORT at 30 min − CORT at 15 min; ΔCORT is thus negative for an individual whose CORT levels reduce between 15 and 30 min and positive for an individual whose CORT continues to increase). Realized samples sizes for the CORT variables were: 2012, *n* = 29 for baseline CORT, *n* = 28 for peak CORT and ΔCORT; 2013, *n* = 36 for baseline CORT, *n* = 34 for peak CORT and ΔCORT.

2.4.. Statistical analysis {#s2d}
--------------------------

Statistical analyses were conducted in R v. 3.3.2 \[[@RSOS171208C36]\]. We used general linear-mixed models implemented in 'lme4' \[[@RSOS171208C37]\]) including random intercepts for natal nest. Maximum-likelihood estimation was used unless otherwise stated. Significance testing for fixed effects was by likelihood-ratio test (LRT) using a criterion for significance of *p* \< 0.05. The data and R script are publicly available via the Zenodo repository \[[@RSOS171208C38]\].

Where the outcome variable of the model was peak CORT, we included baseline CORT as a covariate, and where the outcome was ΔCORT, we included CORT at 15 min as a covariate. In the 2013 birds there was a significant relationship between ΔTL (our measure of developmental telomere attrition) and TL on day 3 (*B* = −0.18 ± 0.06; LRT 7.13, *p* = 0.008). For this cohort, we therefore included day 3 TL as an additional covariate in all models including ΔTL. In the 2012 cohort, the equivalent association (between ΔTL and day 4 TL) was absent (*B* = −0.12 ± 0.14, LRT = 0.64, *p* = 0.423), and we did not include starting TL in models involving ΔTL for this cohort.

In preliminary analysis, we tested whether any of the CORT variables was predicted by body condition (residual of body weight from tarsus length). Additionally, for the 2012 birds, where there was more variation in date of measurements, we tested whether age in days or number of days in cages predicted CORT variables. Finally, in both cohorts, we tested whether number of seconds between entering the room and obtaining the first sample predicted the baseline CORT value. Since none of these effects was significant ([table 1](#RSOS171208TB1){ref-type="table"}), these variables are not included in the main analyses. Table 1.Results of preliminary models predicting CORT variables. All models contain a random effect of natal family. For models predicting peak CORT, baseline CORT is entered as an additional predictor, and for those predicting ΔCORT, CORT at 15 min is included as an additional predictor.cohortCORT variablefixed effectsLRT*pB* (s.e.)*n*2012baseline CORTbody condition1.030.310−0.28 (0.27)292012peak CORTbody condition3.080.079−1.36 (0.71)28baseline CORT3.230.0720.93 (0.50)2012ΔCORTbody condition1.500.220−1.04 (0.84)28CORT 15 min2.570.109−0.66 (0.38)2012baseline CORTage in days0.240.6220.01 (0.03)292012peak CORTage in days0.360.5510.05 (0.08)28baseline CORT3.750.0531.06 (0.52)2012ΔCORTage in days0.020.8940.01 (0.08)28CORT 15 min1.310.253−0.47 (0.38)2012baseline CORTdays in cages0.060.8060.07 (0.24)292012peak CORTdays in cages0.070.7970.22 (0.67)28baseline CORT3.900.0481.08 (0.52)2012ΔCORTdays in cages0.010.924−0.08 (0.74)28CORT 15 min1.210.272−0.45 (0.38)2012baseline CORTseconds to obtain sample0.230.631−0.04 (0.08)292013baseline CORTbody condition1.640.2000.04 (0.03)362013peak CORTbody condition0.070.797−0.03 (0.11)35baseline CORT1.550.2130.81 (0.64)2013ΔCORTbody condition1.690.194−0.11 (0.08)34CORT 15 min3.750.053−0.27 (0.13)2013baseline CORTseconds to obtain sample0.650.4220.01 (0.01)36

We conducted a meta-analysis of the effects from the 2012 and 2013 cohorts using the R package 'metafor' \[[@RSOS171208C39]\]. For each cohort we calculated standardized effect sizes (standardized βs) and standard errors for the effect of ΔTL on baseline CORT, peak CORT and ΔCORT. We used fixed-effects models that allowed us to determine the sizes of the average true effects based on the data from the two cohorts that we had measured. In the analyses presented, the two cohorts are weighted equally, because the sample sizes were similar, but a weighted analysis produces the same qualitative outcomes.

3.. Results {#s3}
===========

3.1.. Descriptive statistics {#s3a}
----------------------------

Descriptive statistics for the CORT variables in the two cohorts are presented in [table 2](#RSOS171208TB2){ref-type="table"}. In both cohorts a similar mean response to acute stress was observed: CORT levels were lowest at the baseline measurement, showed a large increase between baseline and 15 min following the start of the stressor and a smaller increase between 15 and 30 min. The majority of birds\' CORT levels continued to rise between 15 and 30 min following the start of the stressor, but a substantial percentage fell in both cohorts (29% in 2012 and 47% in 2013; no significant difference between years; [table 2](#RSOS171208TB2){ref-type="table"}). Absolute CORT levels at baseline, 15 and 30 min were all significantly higher in 2012 than 2013. Table 2.Descriptive statistics for CORT variables in the two cohorts.CORT variable (mean ± s.d.) ng ml^−1^cohort*n*^a^baseline15 min30 minpeak CORTΔCORTproportion of birds with ΔCORT \< 0^b^201228--2917.32 ± 9.6625.98 ± 15.2237.16 ± 29.9141.14 ± 29.3511.19 ± 29.20.29201334--362.2 ± 1.5514.8 ± 5.1815.06 ± 5.5816.49 ± 5.100.37 ± 4.430.47test statistic8.34^c^3.72^c^3.86^c^4.39^c^1.94^c^2.21^d^*p*-value\<0.001\<0.001\<0.001\<0.0010.0620.137[^1][^2][^3][^4]

3.2.. Familial components of corticosterone response {#s3b}
----------------------------------------------------

To examine whether there were effects of natal nest (e.g. genetic, parental or very early environmental effects), or host nest, on each of our CORT variables, we conducted a variance components analysis. This entailed fitting a model with an intercept and nested random effects of natal nest and host nest for each CORT variable in turn using restricted maximum-likelihood estimation. In both cohorts, natal nest accounted for around 25% of the variation in baseline CORT ([figure 2](#RSOS171208F2){ref-type="fig"}). Natal nest accounted for around 25% of the variation in peak CORT in the 2012 cohort, but only about 1% in the 2013 cohort. In 2013 only, host nest accounted for an additional 24% of the variation in baseline CORT. The natal and host nest component of ΔCORT was estimated at zero in both cohorts. Figure 2.Components of variation (natal nest, host nest, residual) for each of the CORT measures in each of the two cohorts of cross-fostered birds.

3.3.. Experimental treatment and ΔTL as predictors of adult corticosterone {#s3c}
--------------------------------------------------------------------------

We ran a series of models predicting each adult CORT variable in each cohort from experimental treatment (HC versus LC for the 2012 cohort; DIS versus ADV for the 2013 cohort). In neither cohort were there significant relationships between experimental treatment and any of the CORT variables ([table 3](#RSOS171208TB3){ref-type="table"}, models 1--6). We then replaced experimental treatment with ΔTL (i.e. developmental telomere attrition) as the main predictor variable ([table 3](#RSOS171208TB3){ref-type="table"}, models 7--12). In neither cohort did ΔTL significantly predict baseline CORT. However, ΔTL significantly predicted peak CORT in the 2012 cohort; birds with greater telomere attrition had lower peak CORT ([table 3](#RSOS171208TB3){ref-type="table"} model 8; [figure 3](#RSOS171208F3){ref-type="fig"}*a*). The effect of ΔTL on peak CORT was not significant in the 2013 birds, although the effect was in the same direction as that observed in 2012 ([table 3](#RSOS171208TB3){ref-type="table"} model 11; [figure 3](#RSOS171208F3){ref-type="fig"}*b*). In both cohorts of birds, ΔTL significantly predicted ΔCORT ([table 3](#RSOS171208TB3){ref-type="table"} models 9 and 12; [figure 3](#RSOS171208F3){ref-type="fig"}*c*,*d*). Although the pattern of CORT dynamics varied slightly between the two cohorts ([figure 3](#RSOS171208F3){ref-type="fig"}*e*,*f*), in both cases, birds with more developmental telomere attrition showed a more negative change in CORT levels between 15 and 30 min (due either to a smaller increase or a greater decrease in CORT levels) compared with birds with less attrition. Figure 3.Summary of associations between developmental telomere attrition (ΔTL) and CORT variables. (*a*,*c*,*e*): 2012 cohort. (*b*,*d*,*f*): 2013 cohort. (*a*,*b*) Scatterplot of the association between ΔTL (more negative means greater attrition) and peak CORT. (*c*,*d*) Scatterplot of the association between ΔTL and ΔCORT. ΔCORT is the change in CORT between 15 and 30 min (where a negative value signifies a reduction in CORT). (*e*,*f*) Mean CORT at the three sample points for birds split at the median of ΔTL into those that experienced more (red open symbol, dotted line) and less developmental telomere attrition (black closed symbol, solid line). Error bars represent one standard error. Table 3.Output from linear-mixed models predicting CORT variables from experimental treatment and ΔTL. All models contain a random effect of natal family; for models predicting peak CORT, baseline CORT is entered as an additional predictor, and for those predicting ΔCORT, CORT at 15 min is included as an additional predictor; ΔTL is a standardized measure of developmental telomere attrition with a more negative value representing greater attrition; \**p* \< 0.05.modelcohortCORT variablefixed predictorsLRT*pB* (±s.e.)*n*12012baselineexperimental treatment (HC versus LC)0.340.559−1.87 (3.18)2922012peakexperimental treatment (HC versus LC)0.010.920−0.94 (9.34)28baseline CORT3.790.0511.07 (0.53)32012ΔCORTexperimental treatment (HC versus LC)0.670.413−8.48 (10.29)28CORT 15 min1.280.259−0.44 (0.35)42013baselineexperimental treatment (DIS versus ADV)0.140.7050.17 (0.44)3652013peakexperimental treatment (DIS versus ADV)0.050.8180.39 (1.71)34baseline CORT0.840.3600.51 (0.55)62013ΔCORTexperimental treatment (DIS versus ADV)1.890.169−1.93 (1.39)34CORT 15 min3.470.063−0.26 (0.14)72012baselineΔTL0.000.996−0.02 (4.56)2182012peakΔTL5.950.015\*30.49 (11.05)20baseline CORT3.140.0761.00 (0.53)92012ΔCORTΔTL4.310.038\*27.97 (12.74)20CORT 15 min1.640.200−0.61 (0.46)102013baselineΔTL0.170.6770.45 (1.05)33TL day 30.130.7130.14 (0.39)112013peakΔTL0.190.6591.67 (3.77)31TL day 31.360.243−1.80 (1.47)baseline CORT0.520.4720.45 (0.62)122013ΔCORTΔTL5.580.018\*7.73 (3.04)31TL day 31.000.3161.27 (1.22)CORT 15 min3.530.060−0.28 (0.14)

In order to aggregate the results from the two cohorts of birds and estimate the sizes of the average true effects of ΔTL on the three CORT variables, we conducted a formal meta-analysis of the two experiments. [Figure 4](#RSOS171208F4){ref-type="fig"} shows forest plots with summary estimates of the effects for baseline CORT, peak CORT and ΔCORT. For baseline CORT the summary estimate effect size does not differ significantly from zero, whereas for both peak CORT and ΔCORT the summary estimates differ from zero: birds with greater telomere attrition had lower peak CORT and a more negative ΔCORT, indicating an attenuated stress response. Figure 4.Forest plots showing estimated standardized β coefficients and their 95% confidence intervals for the effects of ΔTL on each of the CORT variables in both cohorts of birds. (*a*) Baseline CORT; (*b*) peak CORT; and (*c*) ΔCORT. For each CORT variable, the average summary estimate (±95% confidence intervals) for the two cohorts is shown as a black diamond. Zero represents no association. Note that for peak CORT and ΔCORT the diamond does not cross zero, indicating significant average effects.

3.4.. ΔTL versus other telomere-related biomarkers as predictors of adult corticosterone {#s3d}
----------------------------------------------------------------------------------------

As well as ΔTL, we had two other telomere-related variables for each bird, namely adult TL at one year (TLy1), and telomere attrition over the bird\'s lifetime to that point (lifeΔTL). These alternative measures were all positively correlated (2012 birds: ΔTL and TLy1, *r*~19~ = 0.44; ΔTL and lifeΔTL: *r*~19~ = 0.53; TLy1 and lifeΔTL, *r*~19~ = 0.92; 2013 birds: ΔTL and TLy1, *r*~31~ = 0.06; ΔTL and lifeΔTL: *r*~31~ = 0.61; TLy1 and lifeΔTL, *r*~31~ = 0.38) meaning that they should not be entered into the same model as predictors. To establish whether ΔTL was the best telomere-related predictor of adult CORT variables, for the cases where ΔTL significantly predicted an adult CORT variable (i.e. ΔCORT in both cohorts and peak CORT in the 2012 cohort), we compared the fit of models in which ΔTL was replaced by TLy1 or lifeΔTL. Model comparison was done using the R package 'AICcmodavg' \[[@RSOS171208C40]\] and a modified version of Akaike\'s information criterion (AICc) recommended for small sample sizes \[[@RSOS171208C41]\]. In each case, the best-fitting model (lowest AICc) was that using ΔTL as the predictor ([table 4](#RSOS171208TB4){ref-type="table"}). Evidence ratios \[[@RSOS171208C41]\] showed that the best-fitting model was between 2.64 and 19.54 times more likely to be the best-approximating model than the alternatives with either TLy1 or lifeΔTL as predictors. Table 4.Comparison of model fits (AICc) and evidence ratios for CORT variables showing a significant association with developmental telomere attrition, using alternative telomere-related predictors. All models contain a random effect of natal family; for models predicting peak CORT, baseline CORT is entered as an additional predictor, and for those predicting ΔCORT, CORT at 15 min is included as an additional predictor.cohortCORT variablefixed predictors^a^AICcΔAICcevidence ratio2012peakΔTL + baseline CORT199.640TLy1 + baseline CORT205.445.8118.27lifeΔTL + baseline CORT205.585.9419.54ΔCORTΔTL + CORT 15 min204.400TLy1 + CORT 15 min208.333.937.13lifeΔTL + CORT 15 min208.714.318.632013ΔCORTΔTL + TL day 3 + CORT 15 min186.720TLy1 + CORT 15 min188.661.942.64lifeΔTL + TL day 3 + CORT 15 min190.984.268.42[^5]

4.. Discussion {#s4}
==============

Using two cohorts of adult European starlings that had previously been subjected to an experimental manipulation of early-life adversity, we tested the hypothesis that the rate of biological ageing, measured via the extent to which erythrocyte telomeres had shortened during development (developmental telomere attrition, ΔTL), explained individual variation in adult stress responsiveness. We predicted that birds whose developmental telomere attrition, and hence biological ageing, had been accelerated by exposure to early-life adversity would respond to stress as adults as if they were older than their chronological age, and hence show an attenuated response to an acute stressor. Our results supported this prediction: aggregating the results from both cohorts, we found that birds who had undergone greater developmental telomere attrition had lower peak CORT levels and more negative ΔCORT (i.e. either a smaller increase in CORT or a greater decrease in CORT between 15 and 30 min following the start of the stressor), resulting in an attenuated acute stress response. We found no relationship between developmental telomere attrition and baseline CORT in either cohort, and 25% of the variation in baseline CORT was familial. We also predicted that if increased biological age is responsible for variation in the adult stress response, then, developmental telomere attrition should be a stronger predictor of the size of the stress response than the manipulation of adversity to which the birds were exposed as chicks. In support of this prediction, in neither cohort were there significant effects of the experimental manipulation itself on any of the adult birds\' CORT variables. Finally, we predicted that developmental telomere attrition would be a better predictor than adult telomere length of the size of the adult stress response. In both cohorts, we found that developmental telomere attrition was a better predictor of adult HPA axis function (peak and/or ΔCORT) than either of two alternative biomarkers of biological age, namely lifetime telomere attrition (lifeΔTL) and adult TL.

Before discussing the consistent results emerging from our two cohorts outlined above, we first address the differences. There were substantial differences in the absolute values of the CORT levels between our two cohorts: all of the CORT levels (baseline, 15 and 30 min) were higher in the 2012 cohort ([table 2](#RSOS171208TB2){ref-type="table"}). We are hesitant to over-interpret these differences, because we imposed different developmental manipulations and used slightly different procedures immediately prior to CORT sampling and for the CORT assays in the two cohorts, meaning that the differences could be due to several factors. Although the differences in CORT at 15 and 30 min were in the direction that would be expected given that the 2013 birds were on average 122 days (38%) older than the 2012 birds at the time of the CORT measurements, the lack of overlap between the CORT levels in the two years suggests that the age difference between the cohorts is unlikely to be the only explanation for the CORT difference. Furthermore, we found no effect of biological age on baseline CORT, and baseline CORT was higher in 2012 than 2013. An alternative (or additional) explanation for the lower CORT levels in 2013 is that the birds had only been in cages for a minimum of three days prior to sampling (compared with 28 days in 2012) and thus may not have fully acclimated to the cages at the time of sampling. Lack of acclimation could potentially have resulted in a temporary decrease in adrenal capacity to produce CORT (adrenal insufficiency), explaining the lower CORT levels in all samples in 2013.

The lack of a significant effect of the experimental manipulations on adult CORT variables may appear perplexing given that our previous data showed that the manipulations caused changes in developmental telomere attrition in both cohorts \[[@RSOS171208C22],[@RSOS171208C23]\], and that we have shown here that developmental telomere attrition predicts adult CORT variables. However, although developmental telomere attrition was related to experimental treatment group membership in both cohorts, there was some additional variation in developmental telomere attrition not attributable to the experimental manipulations. Given our model ([figure 1](#RSOS171208F1){ref-type="fig"}), it is, therefore, to be expected that associations between the experimental manipulations and adult CORT variables should be weaker than those between developmental telomere attrition and adult CORT variables. Although none of the CORT variables were significantly predicted by the experimental manipulation, in both cohorts the birds in the higher stress group (HC in 2012 and DIS in 2013) had lower peak CORT and more negative ΔCORT, consistent with weaker associations in the same direction as those found in the statistical models with developmental telomere attrition as predictor (see parameter estimates in [table 3](#RSOS171208TB3){ref-type="table"}). Thus, there is no conflict within our results, and our findings are compatible with the model depicted in [figure 1](#RSOS171208F1){ref-type="fig"}.

Our main finding, that a marker of biological age (developmental telomere attrition) explains adult stress responsiveness, is correlational. This raises questions about whether the association could be the product of a third, uncontrolled, variable rather than being causal. However, the fact that we experimentally generated at least some of the variation in biological age, by manipulating the birds' early-life experience \[[@RSOS171208C22],[@RSOS171208C23]\], reduces the likely involvement of a third variable. Furthermore, we were able to replicate the same basic pattern in two different cohorts that differed in a number of respects. We, therefore, believe that our results offer strong support for a direct role of biological age in determining the size of adult stress response in starlings.

We analysed two different metrics of the acute stress response: peak CORT, which was the highest level of CORT recorded following the stressor, and ΔCORT, which was the change in CORT between 15 and 30 min following the onset of the stressor. ΔCORT has previously been interpreted as a measure of negative feedback within the HPA axis, with a more negative or less positive value being indicative of stronger negative feedback \[[@RSOS171208C26],[@RSOS171208C27],[@RSOS171208C42]\]. However, a more negative value of ΔCORT could additionally be caused by reductions in: corticotropin releasing hormone (CRH) and/or arginine vasotocin (AVT) from the hypothalamus, pituitary sensitivity to CRH and/or AVT, the ability of the pituitary to produce adrenocorticotropin (ACTH), adrenal sensitivity to ACTH and/or ability of the adrenal gland to produce CORT \[[@RSOS171208C43]\]. It is also possible that more negative ΔCORT could result from faster acclimation to the ongoing stress of bag restraint. Thus while it is safe to conclude that the biologically older birds demonstrated an attenuated stress response, characterized by lower CORT production overall, further work is needed to identify the mechanism or mechanisms underlying this.

Our results are compatible with results on changes in CORT variables with increasing chronological age from a range of bird species. These typically show no effects of age on baseline CORT, but less elevated CORT levels some minutes after a standardized stressor in chronologically older birds \[[@RSOS171208C4],[@RSOS171208C8],[@RSOS171208C9],[@RSOS171208C11]\]. Although some studies of birds report an inverted U-shaped relationship between the magnitude of the stress response and chronological age, the secondary increase in the size of the stress response in these studies occurs only in the very oldest individuals \[[@RSOS171208C8],[@RSOS171208C10],[@RSOS171208C12]\]. Since starlings have a maximum longevity of 22.9 years \[[@RSOS171208C44]\], and the birds in the current study were under two years old at the time of the measurements, we would not have expected to see an increase in stress responsiveness associated with old (chronological or biological) age.

Two explanations exist for the observed relationship between increased chronological or biological age and reduced stress responsiveness. A senescence hypothesis suggests that reduced stress responsiveness is simply a pathological consequence of the accumulated somatic damage that constitutes biological ageing. By contrast, an adaptive hypothesis suggests that reduced stress responsiveness is a strategic response to increased biological age and consequent reduced life expectancy. Evolutionary logic suggests that iteroparous animals should behave differently as they age, shifting priorities towards activities likely to promote immediate reproductive success and away from future survival as remaining life expectancy declines \[[@RSOS171208C45]\] (with a possible reversal in very old age when 'terminal restraint' could be adaptive \[[@RSOS171208C10]\]). Previous authors have suggested that age-related changes in CORT responsiveness are likely to be adaptive rather than simply resulting from a reduced capacity to produce CORT resulting from senescence in the HPA axis \[[@RSOS171208C4],[@RSOS171208C9]\]. However, the evidence supporting this claim is weak, being predominantly based on the lack of changes in baseline CORT with increasing age and evidence for increased reproductive performance with age in common terns (*Sterna hirundo*) \[[@RSOS171208C9]\]. The house sparrow data described above \[[@RSOS171208C4]\] do not eliminate a pathological decline in capacity to mount a stress response due to senescence within the HPA axis. Only two blood samples were taken following the onset of the stressor (baseline and 30 min) providing no information on whether the lower levels of CORT at 30 min in the older birds were due to reduced release of CORT resulting in a lower peak response, or to faster recovery of CORT baseline levels, or to both effects. Evidence for faster negative feedback with age would constitute stronger support for the adaptive account of the age-related changes, because senescence is widely held to involve progressive damage to cellular mechanisms, thus *enhanced* functioning of feedback mechanisms would be unlikely to result from senescence \[[@RSOS171208C46]\]. Our finding that ΔCORT was more negative in birds with greater biological age strengthens the adaptive account somewhat, because this result is compatible with stronger negative feedback within the HPA axis. However, our results do not rule out a senescence hypothesis due to the multiple possible interpretations of ΔCORT discussed above. Further studies investigating how HPA responses to ACTH stimulation and dexamethasone suppression change with chronological and biological age would be informative.

Our discussion suggests a new perspective on the phenomenon of 'developmental programming' of the stress response, whereby early-life events lead to changes in the adult phenotype \[[@RSOS171208C47]\]. It is well established in both mammals and birds that exposure to early-life adversity of various kinds has developmental programming effects on adult HPA axis function \[[@RSOS171208C47]\]. The nature and direction of these developmental programming effects varies depending on the species, the type and timing of the stressor, and the age at manipulation and measurement \[[@RSOS171208C27],[@RSOS171208C48]--[@RSOS171208C51]\]. The hypothesis that some of this variation might be adaptive has been extensively discussed, but there is currently no consensus over whether, and if so, how these effects are adaptive \[[@RSOS171208C2]\].

Developmental programming of adult HPA axis function has often been explained with reference to the predictive adaptive response (PAR) hypothesis, which suggests that adversity experienced in early life provides a 'weather forecast' to the developing animal regarding the frequency and magnitude of stressors likely in its future environment \[[@RSOS171208C52]\]. The animal responds to this information by developing a stress response that will be adaptive in the predicted adult environment. Whether developmental programming effects represent adaptive matching of the individual to its likely adult environment is debatable \[[@RSOS171208C53],[@RSOS171208C54]\]. From a theoretical perspective, the PAR idea may be more applicable to short-lived animals than longer-lived animals, such as primates and some birds, for which the correlation between the developmental and adult environments is likely to be weak or non-existent \[[@RSOS171208C53],[@RSOS171208C55]\]. Moreover, our current data do not fit well with the PAR hypothesis. In both cohorts, developmental telomere attrition (a measure of state) was a better predictor of the adult stress response than the experimental treatment to which the chicks were exposed during early life (a potential source of information about the future environment). Therefore, our results are more compatible with an account of developmental plasticity whereby the birds are responding to a change in their state (in this case biological age) as opposed to using information that they have received as nestlings to predict their adult environment. We are currently agnostic over whether the response to a change in state is simply a symptom of senescence, or whether it could be an adaptive response to a shorter predicted lifespan \[[@RSOS171208C53]\].

If, as we argue, developmental adversity hastens biological ageing and biological age influences adult stress responsiveness, then we predict that developmental adversity should be associated with an attenuated adult stress response more generally. There have been many studies of the effects of various forms of pre- and post-hatching developmental stress on subsequent stress responsiveness in birds. In accord with our predictions, Zimmer *et al*. \[[@RSOS171208C26]\] found an attenuated CORT response to an acute stressor in sexually mature Japanese quail (*Coturnix japonica*) that had been exposed to CORT injections prior to hatching. However, apparently against our predictions, previous studies in starlings \[[@RSOS171208C34],[@RSOS171208C51]\], zebra finches (*Taeniopygia guttata*) \[[@RSOS171208C27],[@RSOS171208C48]\] and European shags (*Phalacrocorax aristotelis*) \[[@RSOS171208C56]\] all show lower ΔCORT and/or higher peak CORT in developmentally stressed birds. A possible explanation for these different results lies in the age at which the acute stress response was measured. In the current study and that of Zimmer *et al*. \[[@RSOS171208C26]\] CORT responses were measured in sexually mature adult birds, whereas in the other studies (which find the reverse association) CORT responses were measured in nestlings or juveniles. In line with this hypothesis, Crino *et al*. \[[@RSOS171208C48]\] found that the effect of developmental stress on ΔCORT in zebra finches had disappeared, though in their case had not reversed, once their birds were adults. They concluded that effects of developmental stress on CORT responsiveness in young animals could be reinterpreted as a reaction to current or recent stress as opposed to developmental programming of the adult stress response (see also \[[@RSOS171208C51]\]).

As a final point, our study is novel in showing that baseline and peak CORT have a moderate natal familial component (23--24% of the variance in baseline CORT and 1--25% of the variance in peak CORT was explained by natal nest), while ΔCORT, the variable that most often demonstrates developmental programming effects in birds, does not. Although findings from other species of mammals and birds show that individual differences in CORT responsiveness to stress have a genetic component \[[@RSOS171208C57],[@RSOS171208C58]\], these studies typically do not distinguish between peak CORT and ΔCORT, both of which contribute to CORT responsiveness. Our findings are, therefore, compatible with these previous results, but extend them by providing evidence that ΔCORT is not strongly familial.
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[^1]: ^a^See text for exact *n* for each variable.

[^2]: ^b^ΔCORT \< 0 signifies individuals whose CORT levels fell between 15 and 30 min.

[^3]: ^c^*t*-value from a Welch two-sample *t*-test.

[^4]: ^d^χ^2^ from 2 × 2 contingency table.

[^5]: ^a^ΔTL, standardized measure of developmental telomere attrition with a more negative value representing greater developmental telomere attrition; TLy1, TL at 1 year; lifeΔTL, standardized measure of change in TL over the lifetime thus far with a more negative value representing greater telomere attrition.
